Results are presented of a perturbative QCD analysis of heavy baryon form factors to leading order in (Y s including all higher twist quark mass effects. A dip in the total cross section for the efe-pair production of some higher generation nucleons is predicted. The results are consistent with the definition of charge form factors at zero momentum transfer and reproduce the well known anomalous magnetic moments of nucleons. These considerations resolve a sign ambiguity in previous leading twist analyses of the hard scattering contribution to the proton magnetic form factor.
Because of the asymptotic freedom property of quantum chromodynamicsl (&CD), a p er ur a lve analysis ofstrong interaction processes should be rigorous t b F when the four-momentum transfer q is much larger than the QCD scale parameter AQCD and the value of the strong coupling constant cr, becomes small. From various perturbative QCD analyses2 it seems now confirmed that AQCD is not large but of order 100 MeV. Thus, perturbative QCD should be applicable to experimental data for values of Q2 E -q2 greater in magnitude than a few (GeV/c)2 or so.
Detailed analyses for exclusive processes require knowledge of the valence-quark distribution amplitudes @~ (zi, 8") of the hadrons 3j4. Unfortunately the distribution amplitudes are not yet well known 5-7 for particles made of light quarks such as ordinary pions and nucleons. On the other hand, the wave-functions for bound states of heavy quarks clearly must be determined by nonrelativistic considerations. In heavy particles higher twist effects proportional to the quark masses become important. Perturbative QCD predictions for heavy systems should thus provide reliable tests of the theory once higher twist quark mass effects are incorporated.
Some striking predictions have recently been obtained for the exclusive pair production of higher-generation mesons 8 by including higher twist effects in the leading order perturbative QCD calculations. Specifically, the existence of a zero in the form factor and e+e-annihilation cross section for zero-helicity meson pair production was demonstrated. This zero is due to destructive interference between the spin-dependent (transverse) and spin-independent (Coulomb exchange) couplings of the gluon in &CD. In that paper, it was also observed that the form factors of heavy baryons might have a similar behavior. The results of this analysis can be directly applied to the prediction of heavy baryon pair production in e+e-and 77 interactions at present and future accelerators such as SLC, LEP and TRISTAN.
A remarkable feature of the higher twist effects in heavy baryon pair production pr&sses is the prediction of a strong dip in the total cross section for certain particles in the physical region near threshold. Depending on the mass ratio between the quarks in the baryon, we find that the Pauli form factor F2 is comparable in size with the Dirac form factor Fl, and destructive interference similar to that observed in the meson case8 can occur. Such a dip cannot appear in the leading twist analysis.
The angular dependence of the production rate also exhibits dramatic effects.
Another remarkable fact is that with a simple ansatz to account for the effects of binding energy in the hadrons, our formulae can be made consistent with the definition of the charge form factor at zero momentum transfer and reproduce the well known anomalous magnetic moments of nucleons. These considerations fix the sign of leading twist contributions to the hard scattering amplitude 2'~. Therefore we can eliminate the sign ambiguity which exists in previous analyses3j6jQ of the ordinary nucleon form factors.
Applying light-cone perturbation theory3, we write the amplitude for exclu- 
where mi is the mass of the i'th quark. M = 2mU + mD for the proton-like baryons and M = 2mD + mu for the neutron-like baryons. The dynamical dependence of the production is controlled by the hard scattering amplitude TH which can be expanded perturbatively in terms of czs(Q2). In leading order in as, two gluons are required to connect the three quarks.
The hadronic vertex of the electromagnetic interaction for the spin l/2 baryons is determined by two form factors:
rp(Q2) = rC"F1(Q2) + wF2(Q2) .
We have calculated Fl and F2 to leading order in os including all higher twist terms proportional to the quark masses. These higher twist terms come from helicity nonconservation at the individual quark-gluon vertices due to the transverse coupling of the gluon. In heavy quark systems, other higher twist terms such as intrinsic transverse momentum effects should be negligible. In the convenient light-cone reference frame given by q + = q" + q3 = 0, the form factors 3'1 and 3'2 correspond in the timelike region (q2 > 0) to total helicity 0 and fl in the final state. In the spacelike region (q2 < 0), F 1 and F2 correspond to total helicity conserving and total helicity flip interactions, respectively. The constants in Eqn. 4 have been chosen to yield the conventional definitions for the Sachs form factorsll GE and GM such that
where r = Q2/(4M2) = -q2/(4M2). Th e cross section for production of nucleon- 
Motivated by the expected form of nonperturbative binding energy corrections8j14
we replace r4 by (7 + E)~ and set Fl(O) to the total charge of the system. Equation 7 for Fl and F2 then becomes . 
where c2 = 97rfNas/(2fiM2). Th e remarkable aspect of this formula is that F2 (0) can be calculated with no further assumptions and compared with the well-known anomalous magnetic moments of nucleons. At r = l/3, we find Predictions for various heavy nucleons using this formula are shown in Fig. 1 .
The results for the cross sections are given as ratios to the production cross sections for P+/..L-pairs. The basic unknown is E, which we can estimate from vector meson dominance arguments15 and the observed dipole form of ordinary baryon form factors16. In Fig. 1 we set c = l/4 as a typical value and use the approximate quark masses (m, M 0.5, m, M 1.5, mb w 5, mt = 40) GeV/c2. The overall magnitude -of the cross section wiil be-affected by different choices of E, but the basic features will remain the same13. As we can see in Fig. 1 , there is a strong dip in the total cross section for certain values around r = 0.6 both for charged and neutral cases.
Even if the total cross section turns out not to be large enough to measure this dip adequately, the slope of the total cross section just above threshold can provide evidence for these higher twist mass effects. Figure 1 . Predicted cross sections for heavy baryon production in e+e-annihilation using the formulae given in Eqn. 9 and Table 1 . The cross sections are given as ratios to the cross section for production of a p+p"-pair as functions of r -Q2/(4M2) w h ere r = -1 corresponds to the production threshold. The relative normalizations and structure of the cross sections are dramatically affected by the ratio r of the mass of the unlike quark to the total mass of the baryon. The upper graphs are for charged baryons and the lower graphs are for neutral baryons with the indicated quark content.
The angular distributions for these cases also show dramatic changes in the re& of the dip.-This happens because both GE and GM can become small at nearly the same value of 7, and control of the angular behavior of the cross section passes from one form factor to the other. Equation 6 This ratio exhibits effects due to interference between the transverse and Coulomb-exchange couplings of the gluons within the baryons. For r near 0.6 the sign changes of b/a occur at values of r which correspond to the dips in total cross section shown in Fig. 1 . Note that the angular distribution is nearly flat for the ccs case. Since the basic features of these predictions are determined only by the quark mass ratio r without any other tunable parameters, effects discussed above provide clez tests of &CD, There is no-way to avoid these phenomena in heavy quark systems, or to postpone them to larger values of momentum transfer. For baryons containing top quarks, our formulae show that the cross section should be large, and these effects will be measurable.
In addition to these points, Eqn. 9 clearly determines the correct sign of the leading twist contributions to the hard scattering kernel. This eliminates the sign ambiguity which exists in previous analyses of the ordinary nucleon form factors3161Q.
Since we have derived complete formulae for the kernel including mass effects12 this analysis can now be applied to ordinary nucleons. For light quark systems, the wave functions will be very different from the simple nonrelativistic form used here and must be determined by nonperturbative treatments such as QCD sum rule analysis5-7p17 or lattice calculations18. Assuming reasonable progress in those areas, a careful analysis including mass effects and different choices of wavefunctions should soon be possible.
The possibility that interference effects in perturbative QCD would produce zeroes in the heavy baryon form factors was first observed in collaboration with Prof.
S. Brodsky (see Ref. 8) . W e are indebted to Prof. Brodsky for many helpful discussions. We would also like to thank Prof. J. D. Walecka for his kind encouragement.
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to that of the spin up state. This relative phase difference is important to .-fix the overallsign of F2 compared to that of Fl. 11. R. G. Sachs, Phys. Rev. 126, 2256 (1962 12. We have derived complete formulae for the hard scattering kernel including all higher twist mass effects to leading order in os. Due to their length these formulae are not presented in this short letter, but will be published in a suitable form elsewhere to facilitate calculations for similar processes in which the non-relativistic delta functions used here for heavy baryons are not applicable.
13. In detail, the argument of os(Q2) will be different for each of the diagrams contributing to the production process, depending on the momenta of the gluons in the diagram being considered. We have taken the value of os to be a constant in order to simplify the form of the result.
14. Note that Eqn. (11) 15. The appropriate vector meson would be composed of the quark/antiquark pair to which the photon attaches in each diagram of the production process.
Thus the effective mass of the meson is constrained to be some fraction of the mass of the heavy baryon pair. Vector meson dominance would then imply
